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Abstract 
The penetration of X-rays is usually a limitation to the application of XRF analysis to multilayered materials, however it is 
possible, by software tools based on the fundamental parameters method, to overcome this problem and estimate thickness 
and composition of each layer. 
The cross of Rosciolo is a significant example of multilayer object: it is made of a wood core with attached gilt silver sheets 
and decorated with enamels. Measurements were carried out in situ and the PyMCA software was employed.  
The values of gilding thi  
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1. Introduction 
XRF spectrometry is a non-invasive analytical technique widely used in the field of Cultural Heritage to obtain 
qualitative and quantitative analysis by means of portable instrumentation and to investigate the constituent 
materials and the manufacturing process of cultural objects.  
An intrinsic handicap of the XRF technique in multilayered materials is the penetration of the X-ray beam, as 
it gives a response integrated over the analytical volume: this volume can be sufficiently deep to include several 
overlaying layers of different composition, thus making difficult the interpretation of the spectra. It becomes 
therefore important to unfold the single contributions, in order to derive the thickness and composition of each 
layer, which is now possible thanks to software tools based on the fundamental parameter method. 
This kind of problem has already been approached as regards both gilt metals (Cesareo et al. [1]) and easel 
painting (de Viguerie et al. [2]). In this case we used a method similar in its principle to that of Cesareo et al., 
with the difference that it relies on fundamental parameter calculations, rather than on calibration with standard 
materials.  
The processional cross of Rosciolo (Fig. 1), from the church of Santa Maria in Valle Porclaneta (Rosciolo, 
, shows technical and stylistic characteristics similar to those of a group of liturgical objects, including 
the crosses of Borbona (Rieti), Forcella   (Rieti), approximately dated to the late 
medieval period. Its origin has always been questioned: some scholars claim it to be from Abruzzi, and others to 
be a Neapolitan production at the Anjou court (Berardo [3], Fabrizi [4], Lipinsky [5], Mattiocco [6,7], Nardecchia 
[8], Romano [9], Sabatini [10]). 
It is made of a wood core with attached embossed and fire-gilded silver sheets. It is also decorated with 
enamelled silver plates, worked with the bassetaille technique. It is the only one in the group showing the date of 
manufacturing (1334) on a plate (see Fig. 1).  
This paper aims at contributing to a better knowledge of the cross and its fabrication context by integrating 
stylistic and historical information with a study of materials and manufacturing techniques. 
Because of its historical and artistic relevance the preservation of its integrity was mandatory, so non-
destructive XRF analyses were carried out in situ, Arte Sacra della Marsica (Celano), where the 
cross is exhibited. 
Fig.  1. Front and rear view of the cross of Rosciolo; details of the enamelled plates. 
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2. Materials and methods 
2.1. Measurement conditions 
The measurements were carried out in situ with a portable spectrometer, designed and assembled at the Istituto 
per le Tecnologie Applicate ai Beni Culturali of Rome (CNR-ITABC). It is made of an X-ray tube and a 10 mm2 
Si-Drift detector (SDD) with a resolution of 165 eV (FWHM @ 5.9 keV). The working conditions of the X-ray 
tube  60 kV and 1.5 mA  provide optimum excitation conditions for Ag K-lines from the substrate.  Detection 
limits, for a metal matrix and an acquisition time of 120 s, are in the order of tens of mg/kg for the K-lines of Ag, 
Sn, Sb and hundreds of mg/kg for the L-lines of Au, Hg and Pb.  
XRF spectra were processed by the software package PyMCA (Python Multichannel Analizer; Solé et al. [11]) 
that uses a fundamental parameters method; besides the usual features, it also allows to consider a multilayered 
matrix and derive the composition of each layer. 
2.2. Calculation methods 
PyMCA allows to define, for each layer, composition (from which it derives attenuation coefficients), density 
and thickness, and to adjust them iteratively until the best fit is obtained. 
A limitation of PyMCA is that each element can be present in only one layer, which is a (sometimes rough) 
approximation of the actual layers composition. In the present case study the sheets of fire-gilded silver are 
modelled as a two-layers system: an Ag-Cu substrate of infinite thickness coated by an Au-Hg layer of unknown, 
finite thickness; both layers are assumed homogeneous.  
The method used to measure the gilding thickness relies on the relationship existing between the ratio of two 
fluorescence lines of an element in the substrate  here AgK   and the coating thickness itself; the latter 
has to be adjusted until the ratio calculated by fundamental parameters equals the experimental one. 
PyMCA can calculate the mass fraction of a given element using both a group of fluorescence lines from the 
same shell (e.g. the K-lines) and the single lines separately [11]. It is then possible to adjust the gilding thickness 
until the silver mass fractions, calculated on AgK  and on AgK  separately, equal to each other. The method was 
tested on six gilt silver standard samples with gilding thickness ranging between 1.9 and 7.3 μm: an average 
relative error of 5% was assessed. 
With regard to the enamelled silver plates, the procedure is more complicated, as variations in the enamel 
composition strongly affect the attenuation coefficients. We started by defining the enamel matrix as pure SiO2 
and used the output to adjust the matrix composition in the subsequent iterations, then we proceeded as for the 
gildings. Finally, once the optimum thickness was fixed, we iteratively adjusted the composition until it 
converged on the final values. The results are less accurate with respect to those obtained for the gildings, this 
being related to the difficulty in detecting such light elements as Na and Si that are among the main components 
of the glass matrix. Though rough, an estimation of the enamel thickness is however necessary to calculate, at 
least, the mass fraction of the elements used as colorants, decolorants and opacifiers. 
As the method used to determine the thickness of gildings and enamels relies on the Ag K-lines, it is clear that 
the X-ray tube working conditions are crucial to provide optimum excitation and good counting statistics for 
silver K-lines. 
3. Experimental results 
One hundred seventy measurements were carried out on the cross, 120 of which on the embossed sheets. In 
order to highlight possible differences the following variables were used: gilding thickness and Au/Hg ratio for 
the gildings, Cu mass fraction for the silver substrates and the enamels composition.  
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Fig. 2 
measured values, each sheet being identified through the corresponding iconography (right). The poor 
discriminating power of this parameter is apparent. 
The detection of Hg confirmed the hypothesis of the use of fire-gilding, furthermore the Au/Hg ratio provides an 
effective discrimination among the sheets (Fig. 3). Three different groups are apparent: a) Christ and the 
Crowning Angel with the lowest values (blue); b) St. Michael, the Golgotha, the Virgin, Mournful St. John and 
St. John the Baptist with intermediate values (red) and c) the remaining sheets (green).  
These differences can be related to the use of different amalgams and/or firing times and are consistent with the 
Fig.  2 Left: histogram with the values of the gilding thickness of the embossed sheets; right: 
gilding thickness values for each embossed sheet. 
Fig.  3 Left: Au/Hg values for each embossed sheet, in logarithmic scale; right: means and standard errors 
of Cu mass fraction in enamelled plates, original and repair embossed sheets. 
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of the cross, whereas the apprentices took care of the others.  
With regard to the composition of the silver alloys, the enamelled plates show a lower copper mass-fraction 
than the embossed sheets (Cu~2% and Cu~4% respectively, Fig. 3). This can be related to the need of reducing 
the formation of copper oxides that would worsen the adhesion between enamel and metal, whereas a higher Cu 
content in the sheets provides the malleability necessary for embossing. Furthermore, this variables allows to 
differentiate original sheets from repairs (the latter with Cu~14%). 
The composition of the enamels was found consistent with the present knowledge of medieval glasses (Fig. 4). 
Green is characterized by Fe, Cu, Sn and Sb, where the Sn is possibly related to the use of scrap bronze to 
produce copper-based colorants and Sb is used as decolorant. Yellow shows Fe as colorant and Mn as decolorant. 
The composition of red enamels has many uncertainties related to high Pb concentrations and, especially, to the 
low presence of Cu; such uncertainties also have to be related to the poor spatial resolution of the spectrometer 
and to the little amount of red enamels remaining on the plates. 
Fig.  4 Mass fractions of Mn, Fe, Co, Cu, Zn, In, Sn, Sb and Pb in the enamelled plates,  
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Blue is characterized by Co and Mn. The study of Co helps to determine its provenance, as it can contain
different trace elements typical of the extraction site, such as As-Bi-Ni, Sb, Pb-Zn-In etc. (Moioli and Seccaroni
[12], Gratuze et al. [13]). In this case we detected the presence of Pb, Zn and In (Fig. 5) all of them correlated as 
shows Fig. 6. According to Fig. 4 and Fig. 5 this triple association is only found in the blue enamels, while in 
other colours containing lead or zinc there is no indium. So it is reasonable to suppose that Zn-Pb-In came into in
the enamel as cobalt trace elements [14]. The simultaneous presence of such impurities is characteristic of XIII
and XIV centuries blue glasses, which confirms the date of manufacturing of the enameled plates. As regards the 
source of cobalt minerals, there are different hypothesis: some claim it to be from Freiberg mines in Germany
(Moioli and Seccaroni [12], Gratuze et al. [13]), while others are in favour of Anatolian sites (Belluzzo et al. [15],
Henderson [16].
Fig. 5
gFi . 6 Correlation between Pb-Zn, Pb-In and Zn-In in blue enamels, with correlation coefficients r.
r = 0.9 r = 0.9r = 0.8
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Conclusions 
The cross of Rosciolo was analyzed by means of a portable XRF spectrometer that provided optimum 
excitation conditions for elements with Z~50; this allowed on the one hand to measure the gilding thickness by 
the attenuation of silver K-lines and, on the other, to detect minor elements in blue enamels useful for the dating 
of the cross. The employment of the fundamental parameters software PyMCA allows to overcome the need for 
calibration standards. The results have been obtained in compliance with that requirement of strict non-
destructivity which is unavoidable for objects of such artistic and historical relevance.  
With regard to embossed and gilt sheets, the differences in Au/Hg ratios, mostly concerning the main 
characters of the cross, suggested a work-sharing between master and apprentices. The differences in Cu mass 
fractions allowed to discriminate between original parts and repairs, whereas low amounts of Cu in the enamelled 
plates are consistent with the need of providing good adhesion between the enamel and the substrate. Finally the 
composition of the enamels was found consistent with the present knowledge of medieval glass chemistry; the 
presence of minor amounts of Zn, Pb and In in blue enamels confirmed the date of manufacturing of the cross. 
Acknowledgements 
The authors are grateful to: 
 L. Arbace (Soprintendente per il Patrimonio Storico Artistico e Etnoantropologico Abruzzo), R. Mancini 
(Director of the Museo di Arte Sacra della Marsica at Celano), and M.C. Pace (Soprintendenza per il Patrimonio 
Storico Artistico e Etnoantropologico Abruzzo) for authorisations  and organizational support. 
S. Garraffo (Director of the Istituto per le Tecnologie Applicate ai Beni Culturali of CNR, Roma) for funding. 
A. Piegari and M.L. Grilli (ENEA, Roma), R.M. Villani and V. Sicilia (Istituto Poligrafico e Zecca dello 
Stato) for supplying gilt and enamelled standard samples. 
A. Gorghinian (Istituto Nazionale di Fisica Nucleare, Roma) and G. Guida (Istituto Superiore per la 
Conservazione e il Restauro,  Roma) for scientific support.   
A. Solé (European Synchrotron Radiation Facility) for advising on PyMCA. 
-Term  
References 
[1] Cesareo R, Rizzutto M A, Brunetti A, Rao DV. Metal location and thickness in a multilayered sheet by measuring K /K , L /L and 
L /L  X-ray ratios. Nuclear Instruments and Methods in Physics Research B 2009; 267: 2890 2896. 
[2] De Viguerie L, Walter P, Laval E, Mottin B, Solé VA. Revealing the sfumato Technique of Leonardo da Vinci by X-Ray Fluorescence 
Spectroscopy. Angewandte Chemie International Edition 2010; 49: 1 5. 
[3] Berardo M. Su un problema di oreficeria centro-meridionale del Trecento: la croce processionale degli Orsini. Annali della Scuola 
Normale Superiore di Pisa. Classe di Lettere e di Filosofia 1991; 3.ser.21: 359-445.  
[4] Fabrizi A Capitolium 1929 (V); 8: 393-400. 
di Napoli e Sicilia 
(I). Napoli Nobilissima 1967; VI, Fasc. 3-4: 123-134.  
[6] Mattiocco E.  dal XIII al XVIII secolo. Lanciano; 2004: 123-129.  
[7] Mattiocco E. Croce processionale di Rosciolo. In Sanctis F, Saragosa A (ed.), catalogue of the exhibition Testimonianze preziose, 
capolavori sacri svelano la loro storia, Avezzano- ; 2008.   
[8] Nardecchia P. La croce degli Orsini: una migrazione esemplare. , Pietrasecca di Carsoli; 
2004. 
[9] Romano S. Fatti e personaggi nel Regno di Napoli. Bollettino d'arte: supplemento 1987: 98-100.  
291 Luigi Campanella et al. /  Procedia Chemistry  8 ( 2013 )  284 – 291 
[10] Sabatini I. Orafo Sulmonese. Croce Processionale. In Tomei A (ed.), catalogue of the exhibition 
 (Roma, Complesso del Vittoriano), Milano; 2009: 309-310. 
[11] Solé VA, Papillon E, Cotte M, Walter P, Susini J. A multiplatform code for the analysis of energy-dispersive X-ray fluorescence spectra. 
Spectrochimica Acta B 2007; 62: 63-68. 
[12] Moioli P, Seccaroni C. icrome. Nardini Editore; 2002. 
[13] Gratuze B, Soulier I, Barrandon JB, . 
 1992; 16: 97-108. 
[14] Gratuze, B, Soulier I,Brrandon JB, Foy D, The origin of cobalt blue pigments in french glass from the thirteenth to the eigteenth 
centuries. In Hook DR, Gaimster D (eds,), Trade and Discovery: The Stientific study of Artefacts from Post-Medieval Europe and 
Beyond, British museum Press, London; 2005. 
[15] Belluzzo P., Bonanni P., Cagnini A., Cappellina M., Innocenti C., Mandò P.A., Migliori A., Ortolani C., Porcinai S., Verità M. Il 
restauro del busto di san Donato dalla Pieve di Arezzo: problemi di restauro e indagini. OPD Restauro 2011; 23:  82-100. 
[16] Henderson J. Localized Production or Trade? Advances in the Study of Cobalt Blue and Islamic Glasses in the Levant and Europe. 
Patterns and Process, Smithsonian Center for Materials Research and Education; 1999; 228-245. 
 
